Polychlorinated biphenyls (PCBs) are industrial environmental contaminants that are persistent, lipohilic, and ubiquitous throughout the global ecosystem in fish, birds, and mammals including humans (Roberts et al., 1978; Safe, 1984; Eisler, 1986; Hoffman et al, 1995) . The most acutely toxic PCB congeners, including 3, 3', 4, 4', IUPAC No. 126) , can assume relatively coplanar conformations, generally similar to that of 2, 3, 7, , and are approximate stereo analogs of this compound. Toxic responses documented in mammals include thymic atrophy, a wasting syndrome, immunotoxic effects, reproductive impairment, porphyria and related liver damage, and induction of specific isozymes of the cytochrome P450 system (Kimbrough, 1980; Safe, 1984; Safe et al, 1985; Safe, 1990) . The persistency and lipophilicity of PCBs permit them to biomagnify once entering the aquatic food chain. Bald eagles (Haliaeetus leucocephalus) and other raptors may be particularly vulnerable, since they are at the top of this food chain.
Total PCB concentrations in bald eagles on the Great Lakes have been reported to be as high as 100 /xg/g (fresh weight) in eggs during the past decade (Colborn, 1991) with 42 /j,g/g in nestling eagles where there was decreased reproductive success (Kozie and Anderson, 1991) . Schwartz et al. (1993) reported 71 ng/g of PCB congener 126 in a bald eagle egg containing a deformed embryo. This concentration is over 10-fold higher than the LD50 in the chicken egg (Brunstrom and Andersson, 1988) and slightly higher than the LD50 in the American kestrel egg (Hoffman et al, 1995) . Best et al. (1994) and Bowerman et al. (1994) have also related nest productivity to PCB concentrations in bald eagle eggs from the Great Lakes that failed to hatch. Poor reproductive success of bald eagles in Maine may also be related to high PCB concentrations where 66 ^g/g in eggs and 47 /xg/g in nestling liver have been reported (Welch, 1994) . Combined data of Kubiak et al. (1989) , Brunstrom et al. (1990) , Smith et al. (1990) , and Hoffman et al. (1995) suggest that three planar PCB congeners (Nos. 126, 105 , and 77) may account for over 90% of the PCB toxicity in eggs of birds in the Great Lakes.
The purpose of the present study was to assess the effect of the most toxic of these congeners, PCB 126, as determined in a preliminary study (Hoffman et al., 1993) , on neonatal development and growth of nestling American kestrels. Nestling kestrels have served as a model for predicting effects on eagle nestlings and have been found to be develop- mentally sensitive to several environmental contaminants (lead, paraquat, diphenyl ethers; Hoffman et ai, 1985 Hoffman et ai, , 1987 Hoffman et ai, , 1991 . The present study reports the effects of PCB congener 126 on organ and skeletal growth, histopathology, blood chemistry, and hepatic cytochrome P450 induction and oxidative stress.
MATERIALS AND METHODS

Animals and treatments.
Pairs of 1 -to 6-year-old pen-raised American kestrels from the captive colony maintained at the Patuxent Wildlife Research Center (Laurel, MD) were randomly assigned to outdoor breeding pens (14.5 X 3 X 1.8 m) during the early spring. Each pen contained a nest box, two shaded perches, two hanging perches, a covered feeding platform, and a water bowl (Pattee, 1984) . Breeding pairs were fed dead day-old chicks (Gallus gallus; Bowman's Hatchery, Westminster, MD). Nest boxes were filled with 15-20 cm of peat moss and monitored until the onset of egg laying. Birds were provided with food twice daily (in the morning prior to dosing and in the afternoon) when hatching commenced. During a 2-week period from May 21 through June 5, a total of 12 nests were selected for study. These nests contained at least three but usually four eggs that had hatched within a 24-hr period. When there were more than four hatchlings per box, the number was normalized to four by removing hatchlings that varied the most in weight or time of hatching. For most of these nest boxes four treatments were administered per box. Each hatchling was marked and randomly assigned to either control (corn oil) or one of the following doses of the PCB congener 126 (99+% pure; AccuStandard Inc., New Haven, CT): 50, 250, or 1000 ng/g nestling weight. Controls received 5 /jl/g body weight of corn oil (Mazola) by oral intubation, using a glass syringe with a No. 18 stainless steel 3.75-cm ball-tip needle. PCB 126 was dissolved in corn oil and administered at appropriate concentrations in 5 /il/g body weight.
Nestlings were weighed and dosed daily from Day 1 (1 d after hatching) until Day 10. During the study, excess food was placed in each nest box to minimize sibling competition for food.
Morphological measurements.
Body weights were recorded daily, and at Day 10 blood samples were drawn from the jugular vein with ammonium-heparinized syringes. Nestlings were then euthanized by CO 2 inhalation and the liver, kidney, spleen, thyroid, thymus, and bursa were examined and removed. Plasma and liver were frozen at -80°C for subsequent biochemical measurements. Portions of these organs were also placed in 10% neutralized buffered formalin for histologic processing (hematoxylin and eosin staining at American Histolabs, Inc., Rockville, MD) and examination by light microscopy. Carcasses were skinned, cleared, and stained with alizarin red-S for skeletal examination according to the procedure of Karnofsky (1965) . Skeletons were examined for general development, and for measurement of the right humerus, radius-ulna, femur, and tibiotarsus.
Measurements of blood chemistry. Hematocrit and hemoglobin concentrations (cyanomethemoglobin method) were determined on whole blood. Plasma chemistry measurements were selected that have been indicative of developmental toxicity in previous studies with birds (Hoffman et ai, 1982 (Hoffman et ai, , 1985 (Hoffman et ai, , 1987 Rattner et ai, 1987) . The following plasma enzyme activities were measured on a centrifugal analyzer (Centrifichem 500; Baker Instrument Corporation, Allentown, PA): alanine aminotransferase (ALT; EC 2.6.1.2), alkaline phosphatase (EC 3.1.3.1), aspartate aminotransferase (AST; EC 2.6.1.1), creatine phosphokinase (CK; EC 2.7.3.2), -y-glutamyl transferase (y-GT; EC 2.3.2.2), glutathione peroxidase (GSH peroxidase; EC 1.11.1.9), glutathione reductase (GSSG reductase; EC 1.6.4.2), and lactate dehydrogenase-L (LDH-L; EC 1.1.1.27) as previously described (Hoffman et al, 1985 (Hoffman et al, , 1987 . Other plasma constituents measured included total protein, glucose, uric acid, cholesterol and triglycerides, calcium, and inorganic phosphorus (Hoffman el al, 1985 (Hoffman el al, , 1987 .
Hepatic cytochrome P450 measurements.
Portions of liver were homogenized (1:4 w/v) in ice-cold 1.15% KC1 in 0.01 M Na/K phosphate buffer (pH 7.4). The homogenate was centrifuged at 9000g for 20 min at 4°C, and the resulting supernatant was centrifuged at 100,000g for 60 min. The resulting microsome pellet was resuspended in 0.05 M Na/K phosphate buffer (pH 7.6) containing 0.001 M disodium EDTA at 2 ml/g of portion weight. Protein concentration was determined by the method of Lowry et al. (1951) . Four monooxygenase activities, benzyloxyresorufin-O-dealkylase (BROD), ethoxyresorufin-O-dealkylase (EROD), methoxyresorufin-O-dealkylase (MROD), and pentoxyresorufin-O-dealkylase (PROD), were assayed Mayer, 1974, 1983; Burke et al, 1977 Burke et al, , 1985 . Assays were adapted to a fluorescence microwel! plate scanner and run in a total volume of 0.26 ml at 37°C (Melancon, 1996) . The various assays utilized 1.25 to 10 /ZM substrate, 0.125 or 0.25 min NADPH, and 1.5 to 7.5 /xg of microsomal protein brought to volume with 66 mM Tris buffer, pH 7.4. Fluorescence units over time were converted to product with the use of a standard curve, and monooxygenase activities were calculated as pmol product per minute per milligram microsomal protein.
Measurements of oxidative stress.
Portions of the liver were minced and homogenized (1:10 w/v) in ice-cold 1.15% KC1-0.01 M Na, K-phosphate buffer (pH 7.4). The homogenate was centrifuged at 10,000g for 20 min at 4°C and the resultant supernatant was used for assays for enzymes related to glutathione metabolism and antioxidant activity. Liver GSH peroxidase (coupled reaction at 30°C with glutathione reductase using cumene hydroperoxide) and glutathione reductase activities were recorded spectrophotometrically by micromethods using a centrifugal analyzer as described by Jaskot et al. (1983) . Glutathione-S-transferase (GSH-S-transferase; EC 2.5.1.18) activity was measured using l-chloro-2,4-dinitrobenzene as the substrate (Habig et al, 1974) and glucose-6-phosphate dehydrogenase (G-6-PDH; EC 1.1.1.49) activity according to the method of Lohr and Waller (1974) using the centrifugal analyzer. Reduced glutathione (GSH) and oxidized glutathione (GSSG) were determined by the method of Tietze (1969) as modified by Griffith (1980) for GSSG using vinyl pyridine. The total hepatic sulfhydryl concentration (total SH) was measured according to Sedlak and Lindsay (1968) . Thiobarbituric acid reactive substances (TBARS) were measured as an estimate of hepatic lipid peroxidation using the method described by Aust (1985) . Standard curves were generated for the assay using malondialdehyde tetraethyl acetal. Crude homogenate and 10,000g supernatant protein concentrations were determined according to the method of Lowry et al. (1951) using bovine serum albumin as a standard.
Residue analysis.
Part of each liver was excised for PCB residue analysis. The sample was homogenized by mixing with sodium sulfate 6/11 0/11 7/11 3/11 4/11 0/11 8/9 0/9 6/9 100C 5/11 2/11 6/11 3/11 0/11 6/11 6/9 3/9 5/9 directly in its storage vial. This allowed for quantitative removal of the entire portion of each sample. Each sample was ground with two portions of sodium sulfate, first 25 g and then 40 g. These two portions were placed in a Soxhlet thimble and allowed to dry overnight in a dessicator jar. The mix was next extracted by Soxhlet for 6 to 8 hr with a mixture of 6% ethyl ether in hexane. After Soxhlet extraction, the solvent was removed by evaporation under a stream of air and the lipid residue weighed. These residues were redissolved in 10 ml of hexane and passed through florisil for cleanup. The extracts were adjusted in volume and analyzed for congener 126 by capillary column gas chromatography using an electron capture detector. The temperature program was as follows: !00°C initial temperature with 2 min hold, then 20C7min program to 160°C followed by a program rate of 5°C/min to 280°C. The GC column was a fused silica HP Ultra-2, 25 m X 0.2 mm X 0.33 m, 5% methyl silicone column.
Statistical analysis. Weight of nestlings on each day of development, crown-rump length, organ weights, skeletal lengths, and all clinical and biochemical measurements were compared among treatment groups using two-way analysis of variance with nests as the blocking variable (p =£ 0.05). Where homogeneity of variance was lacking, log transformation of data was conducted prior to analysis. Significant differences from the control group were quantified with Dunnett's multiple comparison test (p =s 0.05). Analysis of overall growth was done by describing the growth of nestlings that survived for 10 days with a polynomial equation and testing for treat-ment differences with the Bonferroni multiple comparison method (Bunck and Pendleton, 1988) . Dosed groups were evaluated for linear and quadratic dose responsiveness using orthogonal polynomial contrasts {p =s 0.05) as described by Kirke (1968) .
RESULTS
Body, Organ, and Skeletal Growth
Body weights did not differ among treatment groups, but the overall dose response was significantly linear (p < 0.01) for decreased body weight with increasing PCB 126 dose on Days 4 to 10 (Fig. 1) . Other manifestations of decreased growth were more apparent, and included shorter crownrump length, and shorter lengths for humerus (7%), radiusulna (15%), femur (10%), and tibiotarsus (11%) in the high-dose group (1000 ng/g) compared to controls (Table  1) . Humerus, radius-ulna, and tibiotarsus lengths were all significantly shorter than controls in the intermediate dose group (250 ng/g) as well. Overall dose responses were found to be linear (p < 0.0001) for all of the above measurements related to skeletal development.
Both spleen weight and bursa weight were significantly diminished by PCB ingestion. Spleen weight was 42% lower in the high-dose group and 21% lower in the medium-dose group, with an overall linear dose response (p < 0.0001). Bursa weight was 19% lower in the high-dose group. Notable liver enlargement was observed in all PCB treatment groups relative to controls (weights were 24, 30, and 43% higher in low-, medium-, and high-dose groups), and the overall dose response was linear {p < 0.0001).
Histopathology
Histopathological lesions were observed in the liver, spleen, bursa, and thyroid. Spleen and thyroid were most affected, where 9 of 10 nestlings in the lowest dose group exhibited mild to moderate lymphoid depletion of the spleen, and 8 of 10 birds exhibited mild to moderate decrease in follicle size or thinning of colloid in the thyroid (Table 2 , Fig. 2 ). With increasing doses of PCB 126, moderate to severe lymphoid depletion of the spleen became apparent. Splenic changes were seen predominatly as periarteriolar decreases in white pulp. In the high-dose group, a moderate to severe decrease in follicle size and content of the thyroid as well as collapse of empty follicles was apparent. Lymphoid depletion was also apparent in the bursa, where mild lymphoid depletion occurred in 4 of 11 birds in the intermediate-dose group, and mild to moderate depletion in 6 of 11 birds in the high-dose group. Bursal changes were noted as intrafollicular decreases in lymphoid cells (Fig. 4) .
Examination of liver sections revealed increasing frequency and severity of multifocal coagulative necrosis with increasing PCB dose, with over half of the birds showing multifocal coagulative necrosis in the intermediate-dose group (Fig. 5) . The necrosis was acute with minimal inflammation associated. The orientation of necrosis was generally random, but several of the high-dose birds appeared to have a periportal distribution.
Plasma Enzymes and Other Constituents
Notable elevations in several plasma enzyme activities indicative of hepatotoxicity were noted in the highest dose group. These included 3.2-, 2.4-, and 1.8-fold increases for AST, ALT, and LDH-L activities relative to the control group (Fig. 3) . Dose responsiveness was significantly linear (p < 0.0001 for AST, p < 0.0015 for ALT, and/? < 0.006 for LDH-L). In contrast, alkaline phosphatase and CK showed overall activities to decrease with increasing dose. Alkaline phosphatase activity was 19% lower in the high-dose group, and CK activity was 36% lower in the high-dose group and 17% lower in the intermediate-dose group. Other plasma enzyme activities including 7-GT, GSH peroxidase, and GSSG reductase were unaffected by treatment; control means (standard error) for these were 10.5 (1.4), 13,260 (864), and 27 (3) IU/liter, respectively. Hematocrit and hemoglobin were not affected by treatment, and significant differences among means were not apparent for other plasma constituents so data were not presented. Previous control values for these variables have been published (Hoffman et al, 1985 (Hoffman et al, , 1987 .
Hepatic Cytochrome P450, PCB Accumulation, and Oxidative Stress
The yield of microsomes was modestly affected by PCB 126 ingestion. The only difference was that the microsomal yield at the highest dose was less than that at the lowest dose (Table 3 ). There were two general patterns of response of monooxygenase activity to ingestion of PCB 126. BROD, EROD, and MROD were significantly elevated at all exposure levels. Mean values for exposed groups exceeded 10 times control values for BROD and EROD, and reached approximately 5 times the value for MROD. There appeared to be a decrease in all of these activities at the highest PCB dose relative to the low and intermediate doses. for PROD was much different, with an increase occurring only at the highest exposure, reaching only 2.5 times the control mean.
Residue concentration of PCB congener 126 in the liver increased in a linear dose-responsive (p < 0.0001) manner from a geometric mean of 156 ng/g (wet wt) in the lowdose group to over 7 times this concentration in the highdose group. Hepatic GSH peroxidase activity showed a small increase (15%) in the low-dose group, but decreased in other treatment groups. Significant changes in activity were not seen for GSSG reductase or GSH transferase. G-6-PDH activity increased by 33% in the high-dose group. Hepatic total SH concentration was significantly lower in the high-dose group. Although mean values did not differ for hepatic GSH, a significant linear trend (p < 0.05) was seen between increasing concentration of GSSG to GSH and PCB 126 dose. A highly significant relationship (r = 0.520,/? < 0.001) was seen between the ratio of GSSG to GSH and hepatic PCB 126 concentration.
DISCUSSION
PCB congener 126 resulted in a number of adverse effects in nestling American kestrels, including reduced growth, liver enlargement and necrosis, lymphocyte depletion with atrophy of associated organs, and histopathological alterations of the thyroid. Earlier studies with other planar PCB congeners have reported several of these effects in chickens (McKinney et al, 1976) . In the present study, growth-related variables affected by PCB 126 included body and organ weight, as well as skeletal growth, where effects on skeletal development at 10 days were more pronounced than effects on body weight. Studies with rodents suggest either greater or similar sensitivity of weanling rodents relative to nestling kestrels. Treatment of weanling Sprague-Dawley rats with PCB 126 for 90 days resulted in growth suppression, observed with 100 ng/g in the diet which was equivalent to approximately 8 ng/g body wt/day (Chu et al, 1994) . Similarly, 50-180 ng/g in the diet of 8-week-old rats for 13 weeks affected growth (Van Birgelen et al, 1994) . However, growth suppression in Wistar rats following short-term treatment with PCB 126 required higher dose levels , as did growth suppression in C57BL/6J mice (Robertson et al., 1984) .
Severe lymphoid involution seen as atrophy of the spleen and thymus have been considered typical signs of PCB 126 exposure in mammals including Wistar rats (Yoshihara et al., 1979; Leece et al., 1985) , Sprague-Dawley rats (Chu et al., 1994; Van Birgelen et al, 1994) , and C57BL/6J and DBA/2J mice (Robertson et al., 1984) . In birds the bursa of Fabricius, thymus, and spleen are all recognized as integral parts of the immune and lymphoid system (King and McLelland, 1984; Glick, 1986) . In the present study both spleen and bursa weight were significantly lower following PCB 126 ingestion in the 250-1000 ng/g dose range. However, histologically, splenic atrophy was apparent starting in the lowest dose group (50 ng/g). Similar splenic atrophy due to lymphocyte depletion has been reported in pheasants receiving a PCB mixture, Aroclor 1254, in the diet (Dahlgren et al., 1972) . In contrast, in SpragueDawley rats, where PCB 126 was 7-10 ng/g or higher in the diet, spleen weight increased as percentage of body weight without histopathological effects (Chu et al, 1994; Van Birgelen et al, 1994) . However, decreased spleen weight with atrophy was reported in young male Wistar rats following ip dosing with this congener (Yoshihara et al, 1979; .
Lymphoid depletion was also evident in the bursa of the kestrels starting in the intermediate-dose group (250 ng/g). However, appearance of the thymus remained normal. Similarly, lymphoid depletion at high doses of PCB 126 in 19-day-old chicken embryos was not as profound in the thymus as in the bursa (Andersson et al, 1991) . In contrast, in mammals significant thymic changes in Sprague-Dawley rats including cortical and medullary atrophy with reductions in cortical and medullary volume were associated with PCB 126 at 7-10 ng/g and above in the diet (Chu et al. 1994; Van Birgelen et al, 1994) .
In the present study, significant liver enlargement in nestling kestrels was apparent starting at the lowest dose level (50 ng/g) with dose-related multifocal coagulative necrosis. However, liver lipid content did not differ with treatment. Aroclor 1254 in the diet of pheasants resulted in increased liver weight proportional to body weight (Dahlgren et al, 1972) . Liver enlargement has been reported in rats after single-dose (ip) treatment with this compound (Yoshihara et al, 1979; Leece et al, 1985) and in mice (Robertson et al, 1984) . In dietary studies, 10 to 50 ng/g PCB 126 was reported to cause liver enlargement in rats with moderate to marked histopathological changes occuring at 100 ng/g (Chu et al, 1994; Van Birgelen et al, 1994) . Increased liver lipid content was reported following ip injection of 1 mg/kg in rats (Yoshihara et al, 1979) .
Our present findings included significant elevations in three plasma enzyme activities (AST, ALT, and LDH-L) indicative of hepatotoxicity in the highest dose group. Chu et al. (1994) reported a similar increase in AST in rats receiving 100 ng/g PCB 126 in the diet. They also reported an increase in alkaline phosphatase activity in contrast to the decrease seen in nestling kestrels. The decreased activity of alkaline phosphatase in kestrels is believed due to decreased bone growth with decreased osteoblast activity previously reported in response to toxicants in kestrels and other immature birds (Hoffman et al, 1985) . Thyroid of kestrels was affected, starting in the lowest dose group (50 ng/g) with progressive decrease in follicle size and colloid content with increasing dose. These histopathological effects of PCB 126 are consistent with the overall reduction in follicle size, thyroid colloid vacuolation, and irregular density reported in rats with 100 ng/g in the diet (Chu et al, 1994) . Past observations of PCB-exposed herring gulls collected from the Great Lakes have included histopathology of the thyroid where thyroids of adults were microfollicular and frequently hyperplastic (Moccia et al, 1986) . Similarly, common murres (Uria aalge) exposed to Aroclor 1254 exhibited dose-related decreases in thyroid weight, follicle size, and colloid area (Jefferies and Parslow, 1976) .
Hepatic microsomal activities of BROD and EROD were elevated 10-fold and more by PCB congener 126 at all exposure levels. Mammalian studies as well as other avian studies have revealed increased EROD activity in response to PCB 126. The over 10-fold inductions in this study are consistent with hepatic histopathological changes and plasma enzyme elevations for AST, ALT, and LDH-L. However, fold increase (nearly 50) for EROD in rats receiving 180 ng/g in the diet is considerably higher than that in kestrels (Van Birgelen et al., 1994) . When adult kestrels received 50 ng/g of PCB 126 three times a week for 4 weeks a significant induction of hepatic microsomal EROD and aldrin epoxidase occurred (Elliott et al, 1991) . However, liver weight in adult kestrels was unaffected and extent of induction was less than in the present study. Basal EROD activity was higher in adult kestrels in the study of Elliott et al. (1991) than in our nestlings or adults from our colony (Melancon, 1996) . Elliott et al. (1991) activities may not have been true constitutive levels due to the presence of trace Aroclor 1254 in the control diet.
In the present study, several indications of altered gluatathione metabolism and oxidative stress occurred. These included decreased hepatic total SH concentration in the high-dose group, a significant relationship between ratio of GSSG to GSH and dose of PCB 126, and a highly significant relationship between this ratio and concentration of PCB 126 in the liver. This relationship was also found for PCB congener 77 (Hoffman etai, 1993) . Increased hepatic oxidative stress has been reported following exposure to halogenated polycyclic hydrocarbons including TCDD in SpragueDawley rats (Stohs et al, 1990) , in C57BL/6J mice, and PCBs in mink (Hoffman et al, 1991) . Higher doses and resulting liver concentrations in nestling kestrels of PCB congeners 77 and 105 were required to produce the effects caused by PCB 126 (Hoffman et al, 1993) . Dosing with 1000 ng/g of PCB 77 resulted in a liver concentration of 892 ng/g and the onset of coagulative liver necrosis, whereas dosing with 4000 ng/g of PCB 105 resulted in a liver concentration of 1677 ng/g, with liver necrosis and mild depletion of thyroid colloid. Hoffman et al. (1995 Hoffman et al. ( , 1996 examined the potential embryotoxic effects of PCB congeners 126, 77, 105, and 153 in several species of birds, including American kestrels, through hatching following egg air cell injections on Day 4. The estimated LD50 for PCB 126 was 65 ng/g, and that for PCB 77 was 688 ng/g for American kestrels.
It is concluded that nestling American kestrels are more sensitive to the toxicity of PCB 126 than adult kestrels but less sensitive than kestrel embryos and probably weanling rats. Since concentrations of PCB 126 that are toxic to kestrel embryos and nestlings have been reported in bald eagle eggs and nestlings, PCB 126 and probably other planar congeners are of potential hazard to nestling eagles. Potentially harmful concentrations of PCB 126 and PCB 77 have been also reported in eggs of the white-tailed sea eagle {Haliaeetus albicilla) in the Baltic Sea area (Tarhanen et al, 1989) . The combined effects of PCB 126 or other planar congeners through deposition in the egg followed by ingestion in nestlings could increase the potential hazard of adverse developmental effects in wild birds, resulting in pathological changes in the liver, lymphoid tissues, and thyroid.
